Objectives: The purpose of this study was to determine the visibility of the mandibular canal (MC) in CBCT images and if the visibility of the MC is affected by gender, location and/ or age. Methods: CBCT images were evaluated for the visibility of the MC by a board-certified oral and maxillofacial radiologist, a board-certified periodontist and a periodontics resident. Representative slices were examined for the first premolar (PM 1 ), second premolar (PM 2 ), first molar (M 1 ) and second molar (M 2 ) sites by all examiners. The visibility of the MC was registered as either present or absent. Results: 360 total CBCT cross-sectional images were examined, with the MC identified in 204 sites (56%). Age had a significant effect on MC visibility, but it differed by location: for PM 1 , age 47-56 had lower visibility than age 651 (p 5 0.0377). Gender also had a significant effect on canal visibility, where females had lower visibility than males overall (p 5 0.0178) and had the most pronounced difference for PM 1 (p 5 0.0054). Location had a significant effect on visibility, but it differed by age and by gender: for age 651, M 2 had lower visibility than PM 1 (p 5 0.0411) and PM 2 (p 5 0.0180), while for females, PM 1 had lower visibility than M 1 (p 5 0.0123) and M 2 (p 5 0.0419). Conclusions: The MC was visualized only in just over half of the CBCT images. Age, gender and location had significant effects on the visibility.
Introduction
According to the Third National Health and Nutrition Examination Survey 1988-1994, 70% of the US population aged 18 years and older was partially or completely edentulous. 1 The primary aetiologies of tooth loss are periodontal disease and dental caries. 1, 2 Tooth loss affects many people psychologically, socially and physically by decreasing their quality of life. [1] [2] [3] [4] [5] [6] [7] The use of dental implants is commonly the treatment of choice in restoring areas of missing teeth in partially or fully edentulous patients. 5 Implant and implant prosthodontic success rates are frequently higher than natural teethsupported traditional prostheses.
1,2 Available bone height is often a major limiting factor determining implant length and placement. The posterior regions of the jaws usually have the least height of existing bone because the maxillary sinus pneumatization after tooth loss and the mandibular canal (MC) is 10 mm or more above the inferior border of the mandibular body. 1 Radiographic analysis is vital for successful dental implant treatment planning.
The MC is a bilateral anatomical structure extending from the mandibular foramen to the mental foramen carrying the inferior alveolar nerve, artery and vein. 8 During implant placement, the contents of the MC may be at risk. 9 The available height of the potential implant site is determined by the distance between the alveolar crest of ridge and the superior cortical bone of the MC. 10 Several imaging modalities have been used to assess the course of the MC, including panoramic radiography, 8 conventional tomography, 11 CT, 12,13 intraoral periapical films and CBCT.
14 Panoramic radiography lacks accuracy and reliability with regards to calculations of distances made using them. 15, 16 Conventional tomography provides uniformly magnified images in two dimensions, usually sagittal and coronal cross-sections, but the images are of only a few teeth in the arch. 17 Blurring occurs of the areas not in focus and can make it difficult to identify structures and interpret the images. 18, 19 The clarity of conventional tomography has increased as a result of the increasingly complex, synchronized, polydirectional movement patterns during imaging. 20 However, the patient radiation dose has also increased as a result. Medical CT provides accurate three-dimensional images of oral anatomy that have high soft-and hardtissue contrast resolution. 21 However, they are expensive and have higher radiation exposure compared with other techniques. It is well known that the greatest fear of exposure to dental X-rays is the possibility of stochastic effects, which are those effects that may result despite how the level of radiation exposure and can be as severe as radiation-induced cancer and genetic defects. 20 The image quality of CBCT systems and their relatively low dose and cost as compared with conventional or medical CT have increased the accessibility and use of three-dimensional imaging in dentistry. 22 According to Pauwels et al 23 , the effective dose from CBCT examinations ranges from 45 to 83 mSv, although Hatcher 24 reports that the effective dose from CBCT examinations can range as high as 206 mSv. Comparatively, the effective dose from one panoramic radiograph is approximately 10-14 mSv and the effective dose of a complete series of intraoral radiographs can range from 34.9 mSv (when using photo stimulable phosphor plates or F-speed film and the use of a rectangular collimator) to 388 mSv (when using a D-speed film and a round collimator). 25 Radiation exposure following maxillomandibular imaging with medical CTs ranges from 474 to 1160 mSv. 23 CBCT imaging allows for the visualization of dental structures and bone of the maxillofacial region in three dimensions with high resolution and can be utilized for multiple areas of the jaw. [3] [4] [5] [6] Many studies have demonstrated the use of CBCT imaging in clinical dentistry with regards to periodontics and implant surgery. 15, 26 At present, CBCT is one of the most frequently used imaging modalities for implant treatment planning. 27 Identification of patient anatomy and potential risks of intrusion into vital structures are two of the most commonly cited uses of a CBCT. 19 According to the American Academy of Oral and Maxillofacial Radiology, CBCTs should be considered as the imaging modality of choice for dental implant treatment planning, as the deficiencies of two-dimensional imaging techniques for accurate location of the MC are well documented. 21 Furthermore, when evaluating the various tomographic techniques for pre-implant treatment planning, the posterior mandible has often been chosen as the test for accurate localization of the MC. 14, 20 Although the CBCT has been demonstrated to be superior to conventional imaging techniques for depicting the MC, 28 the literature is controversial with regards to the accuracy of CBCT images visualizing the MC. Some studies suggest CBCT imaging offers a clear image of the mandibular anatomy and the precise location of the MC, 29, 30 reporting that a defined MC can be detected on the majority of exams. 31 Yet, other studies demonstrate that the identification of the MC can be quite difficult using CBCT. 32, 33 The radiographic appearance usually involves a radiolucent zone lined by superior and inferior corticated borders of different variations, which may explain why the MC is hard to visualize in some cases. 34 In 2011, Oliveira-Santos et al 33 determined that the MC was readily visible in only 53% of the hemimandibles studied. The purpose of this retrospective radiographic study was to determine the frequency of the visualization of the MC on a CBCT cross-sectional image and to determine if the visibility of the MC is affected by the gender, location and/or age of the subject.
Methods and materials
The Institutional Review Board of Indiana University approved the study. CBCT images from the Indiana University School of Dentistry Imaging Facility were screened for inclusion in the study. Inclusion criteria were subjects 18 years of age, or older with a diagnosis of partial edentulism in the site of the mandibular second molar (M 2 ), first molar (M 1 ), second premolar (PM 2 ) and first premolar (PM 1 ) regions. All images were screened, deidentified and selected for evaluation by a periodontics resident (MM). Subjects' age and gender were collected for this study. CBCT imaging (i-CAT, Imaging Sciences International, Hatfield, PA) was performed with voxel size of 0.3 mm and exposure cycle of 8.5 s. Cross-sectional images perpendicular to the occlusal plane were deidentified and reformatted (1-mm thickness) using a compatible tomography imaging software (InVivo 5; Anatomage, San Jose, CA). All cross-sectional images were examined by a board-certified oral and maxillofacial radiologist (EP), a board-certified periodontist (SB) and a thirdyear periodontics resident (MM). The visibility of the MC on the cross-sectional images was assessed in one of four mandibular regions. The visibility of the MC was registered as either positive or negative. The visibility was registered as positive if it was undoubtedly differentiated from its surroundings, e.g. marrow spaces, bony lesions (Figures 1-3) .
Sample size and statistical analyses Based on the study by Oliviera-Santos et al, 33 the assumption was made that the MC will be visible in approximately 50% of the CBCT scans. The calculations also assumed the sex distribution was relatively balanced, 60%/40% female/male or vice versa, and the expected age distribution was estimated to be approximately 80% age 50 and above and 20% below age 50. Assuming two-sided tests conducted at a 5% significance level, the study was designed to have 388 CBCT cross-sectional images for at least 80% power to detect a 15% difference in the percentage with visible MC between sexes (e.g. 42.5% visible in males vs 57.5% visible in females) within each region, and a 20% difference between age groups, both assuming no age-sex interaction. With our final sample size of 360 CBCT cross-sectional images, the power to detect age differences was still over 80%, but the power for sex differences was reduced to 76%.
The visibility of the MC was summarized using a two-level response (visible or not visible). The percentage of CBCT cross-sectional images with the MC visible was summarized overall and by gender, location and age. Age was split into quartiles for the analyses owing to a non-linear relationship between age and MC visibility. The associations of gender, age and location as well as the interactions among the three factors with the visibility of the MC were evaluated using generalized linear mixed-effects model for logistic regression. The model included random effects to account for the within-subject correlations among the locations and evaluations by multiple evaluators. An intraclass correlation coefficient (ICC) was calculated to evaluate the agreement among examiners.
Results
143 subjects were included in the study, 92 females (64%) and 51 males (36%). Ages ranged from 18 to 90 years, with average age 56 years. For the analyses, ages were categorized as ,47, 47-56, 57-64 and 651. 360 total CBCT cross-sectional images were examined, with the MC visible in 204 sites (56%). The ICC for agreement between evaluators was 0.53, indicating that while the overall percentages of images with the MC visible were similar for each evaluator, they did not necessarily agree on which MC were visible.
The three-way interaction between sex, age and location and the two-way interaction between age and sex were not statistically significant and were removed from the model. Age had a significant effect on MC visibility, but it differed by location ( Figure 4 ): for PM 1 , age 47-56 had lower visibility than age 651 (p 5 0.0377), with no other significant differences found among ages. Gender also had a significant effect on canal visibility, where females had lower visibility than males overall (p 5 0.0178) and the most pronounced difference for PM 1 (p 5 0.0054). Location had a significant effect on visibility, but it differed by age and by gender: for age 651, M 2 had lower visibility than PM 1 (p 5 0.0411) and PM 2 (p 5 0.0180), while for females, PM 1 had lower visibility than M 1 (p 5 0.0123) and M 2 (p 5 0.0419).
Discussion
It is essential to evaluate existing bone volume as part of treatment planning for dental implant placement. CBCT imaging offers many advantages in helping to evaluate bone volume, including visualization of important vital anatomical structures such as the MC. This study evaluated 360 deidentified CBCT cross-sectional images from 143 subjects by a board-certified oral and maxillofacial radiologist, a board-certified periodontist and a periodontics resident. The aims of the present study were to provide insight into the frequency at which MC can clearly be identified in a CBCT scan and if the age or sex of the person as well as the location of interest affects the visibility of the MC. Previous studies have evaluated the visibility of the MC in both conventional and computed radiography, with varied results. 10, 33 Angelopoulos et al 10 compared digital and conventional panoramic radiographs and CBCT-reformatted panoramic images in the visibility of the MC in various regions of the mandible. CBCT imaging was found superior to the other modalities for evaluating visibility of the MC, despite the location. The most distal third of the MC was best visualized on all tested modalities, followed by the middle third and anterior third. The MC visibility was not assessed for an association with the age and sex of the subjects. The authors did not specify the percentage of sites where the MC was identifiable or not.
Oliveira-Santos et al 33 evaluated hemimandibles cross-sectional images taken using a similar CBCT imaging system as used in this study. The visibility of the MC was registered as either positive or negative in six regions posterior to the mental foramen by an experienced maxillofacial radiologist. The scores of the regions were then grouped together so that each hemimandible received an overall visibility score: E (easy identification of the MC-5 or 6 positive scores), D (difficult identification-3 or 4 positive scores) and VD (very difficult identification-0-2 positive scores). The authors reported that the MC was easily visible in 53% of the hemimandibles assessed. Positive identification of the MC was 65% (131/202) for dentate regions and 68% (179/262) for edentulous regions. It was also determined that the visibility of the MC at the most distal sites was greater when compared with sites near the mental foramen (similar to Angelopoulos et al 10 ), but the associations of age and gender with MC visibility were not evaluated. The MC visibility reported in this study is similar to what was determined by Oliveira-Santos and colleagues for hemimandibles but less than what they identified for dentate and edentulous individual regions/sites.
In this study, age had a significant effect on canal visibility, but it differed by location: for PM 1 , age 47-56 had lower visibility than age 651 (p 5 0.0377), with no other significant differences found among ages. Furthermore, this study did not assess any sites distal to M 2 , as these would not normally be sites evaluated for implant placement. In both Oliveira-Santos et al 33 and Angelopoulos et al 10 reports, study sites included areas distal to the M 2 , and only the mean ages of the subjects were reported.
Waltrick et al 35 verified the accuracy of linear measurements and analysed the visibility of the MC on CBCT images obtained using different voxel sizes on dry hemimandibles. The authors grouped the results as completely, partially, slightly or not visible in second premolar, first molar and second molar locations. The MC was visualized in all of the 108 images evaluated with voxel size of 0.2 mm providing the best resolution for a completely visible canal. As voxel size increased, the MC became generally less visible. In this study, all images were taken with a voxel size of 0.3 mm, which may account for some of the discrepancies in MC identification with the study by Waltrick et al. 35 The previous study used dry human hemi-mandibles from an anatomy department collection compared with our study performed on living subjects. The dry mandibles were devoid of overlying soft tissue structures and bodily fluids contained in living tissues. The MC in dry specimens would be air filled and more radiolucent, making the canal more visible compared with living subjects with mandibular canals filled with neurovascular contents.
In the present study, location had a significant effect on visibility, but it differed by age and by gender: for age 651, M 2 had lower visibility than PM 1 (p 5 0.0411) and PM 2 (p 5 0.0180), while for females, PM 1 had lower visibility than M 1 (p 5 0.0123) and M 2 (p 5 0.0419). It has been found that the MC in the posterior mandible normally creates a depression in the lingual cortical plate, which probably explains the better depiction of the posterior portion of the MC on radiographs. 36 Many of the previous referenced studies found the best resolution of the MC in sites distal to the third molars, but no sites distal to second molars were evaluated in this study. Overall, however, we did not find that MC identification improved as one progressed more posteriorly.
The test sites in this study were reviewed by each examiner only once and are a limitation of the study. The board-certified radiologist found the MC to be visible in 52% of the sections, and the board-certified periodontist found the MC to be visible in 54% of the sections. The periodontics resident found the MC to be visible in 56% of the sections. It is possible that the MC visibility could have been different if multiple evaluations had been performed. Although all three evaluators found 50-55% of the MC to be visible, there was disagreement about which canals were visible as reflected by an ICC of 0.53. One explanation for this ICC is that most disagreement occurred in the images when the MC was marginally identifiable. One examiner may have scored the canal as present while other examiner(s) may have scored the MC as absent. However, the variability among the examiners was incorporated in the comparisons of age, sex and location; so, the analyses and conclusions from that aspect of the study are actually more robust than if based on the results on the data from a single evaluator. In addition, only single slices from the CBCT image were evaluated. In actual practice, clinicians typically scroll through multiple sections anterior and/or posterior to the planned implant site to better trace the path of the MC when identification of the MC in a particular single section is difficult.
It is important to visualize the MC in cross-sectional CBCT images for implant planning. Moreover, having this knowledge aids clinicians in making better evidence-based decisions with regards to prescribing imaging studies for patients and minimizing the radiation dose whenever possible while getting the Figure 4 Canal visibility (%) by age and location, with 95% confidence interval. Significant visibility differences were found: female , male, PM 1 essential information from the proper imaging modality. Identification of the MC in 56% of the CBCT cross-sectional images is similar to results reported in previous studies. Although CBCT imaging is a valuable asset in the assessment of sites for implant placement, it is unable to consistently provide visualization and identification of the MC in all instances, and careful evaluation of the implant site is necessary to avoid impingement or violation of vital structures.
The conclusion of this retrospective study was that the MC was identified in just over half of the time in selected, single CBCT cross-sectional images. Age, gender and location had significant effects on the visibility of the MC. CBCT cross-sectional imaging is a valuable tool for identification of vital anatomic structures as part of treatment planning but is not without limitations for identification of all anatomic structures.
